iwona.komorska@uthrad.pl, 2 z.wolczynski@uthrad.pl, 3 a.borczuch@uthrad.pl Abstract The method for the fault diagnosing of the air intake system of a gasoline engine, not detected by the onboard diagnostics system in a car, is described in this article. The aim is to detect and identify such faults like changes in sensor characteristic, faults of mass airflow measurement in the intake manifold or manifold leakages. These faults directly affect the air intake system performance that results in engine roughness and a power decrease. The method is based on the generation of residuals on the grounds of differences in indications of the manifold absolute pressure (MAP) and mass air flow (MAF) sensors installed in the car and the virtual, model-based sensors. The empirical model for the fault-free state was constructed at stationary operations of the engine. The residuals were then evaluated to classify the system health. Investigations were conducted for a conventional gasoline engine with port-fuel injection (PFI) and for a gasoline direct injection engine (GDI).
INTRODUCTION
The on-board diagnostics system in internal combustion engines constitutes an integral part of the Electronic Control Unit. The diagnostic system is oriented towards detection of faults which cause an increase of the exhaust gas emission [13] . In case of mechanical faults in the air intake system or changes of the sensor characteristics, the control system tries to mask faults adjusting -as far as possible -the engine control [1] . Such faults are often not detected by the on-board diagnostics system, however a driver notices the vehicle dynamics difference or other symptoms indicating that there really is a problem [2] .
Traditional diagnostic systems compare the measurement results with fixed limits. If the sensor signal voltage does not exceed the limiting values, then the measurement is acceptable. Meanwhile, with the time the characteristics of the sensors are changed, leaks appear in the intake manifold, contacts become dirty and wet. All these can change the indications of sensors, but the signal voltage still does not reach the limits [12] . The adaptive control system of the engine will adjust the fuel dose -based on the lambda sensor indicationsto new conditions. That is good, because the driver with small malfunctions of his car does not have to go to the service. Sometimes, however, the driver feels that something is wrong with the engine, but the error is not detected [4, 10] . DIAGNOSTYKA, Vol. 19, No. 1 (2018) Komorska I, Wołczyński Z, Borczuch A. Fault diagnostics in air intake system of combustion engine …
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The modern on-board diagnostics system often uses virtual sensors in the combustion engine [3, 6] . Virtual sensors are computer models that combine data from other sensors and sources to recreate the data a sensor would provide. They estimate the value of physical quantities that are difficult to measure, for example toxic components in the exhaust gas while driving, or too expensive for use as a pressure sensor in the combustion chamber. Another reason for using virtual sensors is the need to multiply the measuring elements and systems for security purposes (hardware redundancy) [8] . Then, instead of additional physical, virtual sensors can be applied (software redundancy). Another reason, described here, is to diagnose faults in systems or mechatronic items. Based on the indications of other sensors recognized as efficient and relations of mathematical or statistical models, the rational indications investigated sensors are estimated and compared with the indication of the physical sensors [7, 14, 15] . Virtual sensors can be divided into static -model-based, or dynamic -using Kalman filter [16, 18] . This article is an attempt to define virtual sensors for faults diagnosis not detected by the on-board diagnostics.
DIAGNOSTIC METHOD
The state of the cylinder is defined by the mass and the internal energy of air contained in the cylinder. Fig.1 shows a cross-section of the intake manifold. The throttle angle  controls the flow of air mass into the manifold. The manifold pressure dynamics can be modelled on the basis of filling and emptying of the air behaving as a perfect gas [5, 6]  
where: The air mass flow into the manifold is described by a function:
where p m -manifold pressure,  -throttle angle, and air mass flow out from the manifold as a function:
where n -engine speed.
At stationary engine operations, it can be assumed that
where a m  -air mass flow rate measured with air flowmeter.
At stationary engine operation one of the engine load measure: throttle angle , air flow a m  , manifold pressure m p , can be estimated from the remaining measurements and the rotational engine speed n [9] .
The SI engine is controlled by the relative air supply mass m a . This is done by throttling the air into the engine. The relative fuel supply mass m f is subsequently regulated by the engine management system to maintain the desired air-fuel ratio . The range of  is limited by the ability to inflame airfuel mixtures by spark ignition. The conventional port fuel injection (PFI) engines operate on approximately homogenous mixtures (0.9 < 
<1.3).
The manifold absolute pressure sensor supplies the instantaneous manifold pressure information to the engine electronic control unit. A fuel-injected engine may alternatively use the mass airflow sensor to find out the mass flow rate of the air entering the fuel-injected internal combustion engine. The air mass information is necessary for the engine control unit to balance and deliver the correct fuel mass to the engine.
Using averaged values of signals: throttle position , engine rotational speed n, manifold pressure p m and air mass flow a m  , the virtual sensors
can be defined. For this purpose the look-up tables, that were prepared in the empirical way, were used:
During simulations with the model for steady state, following residuals are generated: where u is the model uncertainty.
The components of the model uncertainty are: measurement errors, uniqueness of working cycles of engine.
The method of fault diagnostic is presented in Fig.2 . The algorithm was implemented in the Matlab Simulink software. 
EXPERIMENTAL SETUP
To validate the method two steady state experiment was performed.
The first experiment was performed on the fourcylinder spark ignition conventional engine of portfuel-injection (PFI). The engine was positioned on the laboratory test bed (Fig.3) . Conventional manifold injection engines generate air-fuel mixture in the intake manifold. The calculation of air mass into cylinder is based on the manifold pressure sensor. The engine speed is calculated based on the induction-type sensor and the throttle valve angle is detected with potentiometer-type sensor. The air flow meter (MAF sensor Bosch MFM5) was mounted additionally.
The second investigation was conducted on the four-cylinder spark ignition engine of a gasoline direct injection (GDI) of passenger car Mitsubishi Carisma [11, 12] (Fig.4) .
Fig. 4. Investigated object -GDI engine
The GDI engine is more complex than an ordinary PFI engine and therefore requires a more advanced control system. GDI engines generate airfuel mixture in the combustion chamber similar to the diesel engines [17] . They operate in two main modes: homogenous mode and stratified mode. The mode that should be used is decided by engine load and engine speed. The stratified charge of the cylinder is used in combination with extremely lean air-fuel mixtures to reduce fuel consumption. In homogenous operation at  ≤ 1, the GDI engine for the most part behaves the same as a PFI engine.
The calculation of air mass into cylinder is based on the Karman vortex-type mass airflow sensor indication (MAF sensor). The engine speed is calculated based on the induction-type sensor and the throttle valve angle is detected with the potentiometer-type sensor. The manifold pressure sensor was mounted additionally.
The solutions applied in this vehicle such as a design and engine equipment are commonly used in the automotive market This substantiates the assumption as to the universality of the conclusions and trends resulting from the investigations. The car was positioned on a chassis dynamometer.
It was possible to brake a vehicle or the engine with the given moment, or accelerated to the given speed. In such way the vehicle engine was loaded to the required and simultaneously constant speed n at various throttle openings . Tests were carried out for equally spaced engine speeds and throttle positions. The throttle angle was expressed in percentages, where 0 means the total closing and 100% the total opening of the throttle. Since signals were recorded in steady states the average values of the above signals were determined for each second of the recording, it means 10 values for the given point (n, ). 
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In all these situations the on-board diagnostics (OBD) system did not record an error, while the user could notice the change in the engine operation in a form of roughness or a power loss at higher rotational speeds of the engine.
FAULTS ANALYSIS

Obscuration of the intake manifold
Partial obscuration of the intake manifold caused flow disturbances and malfunction of the Karman vortex mass air flow meter in the GDI engine. Large fluctuations in the air mass index caused oscillations in the fuel dose and -in consequence -uneven working of the engine. Consequently, this resulted in uneven rotational speed and variations in mixture composition.
The indicated flow was so small that the engine changes into supplying by a very lean mixture (recorded air-fuel ratio  > 1). The adaptive control system tried to adjust the fuel dose based on the lambda sensor indication. Average air mass flow rate values were lower than at fault-free operation.
The adaptive control system tried to adjust the fuel dose based on the lambda sensor indication. Average air mass flow rate values were lower than at fault-free operation f 1 (Fig.7a) and f 2 (Fig.7b) described respectively in equations (5) and (6) together with measurement results for the fixed throttle position. fault-free; virtual sensor MAF sensor fault; phisical sensor fault-free; virtual sensor MAF sensor fault; phisical sensor The intake manifold pressure is within error limits of the model, while the mass air flow is lower than it results from the model for the whole range of engine loads. The difference can be seen especially for high rotational speeds. The similar results are for the PFI engine (Fig.8) . Relations between the MAP and MAF sensors indications and rotational speed for the PFI engine described by f 3 function (equation (7)) are shown in Fig.9a . The surface shows the virtual sensor indications. When the manifold is partially obscured the MAF sensor is faulty and the difference between physical and virtual sensor occurs, especially for a small throttle opening angle. Fig.9b shows the cross-sections of fault-free, virtual;n=2000 rpm MAF sensor fault,phisical;n=2000 rpm fault-free,virtual;n=4000 rpm MAF sensor fault,phisical;n=4000 rpm Relations between the MAP and MAF sensor indications and throttle positions TPS for the PFI engine described by f4 function (equation (8) ) are shown in Fig.10a . The surface shows the virtual sensor indications. When the manifold is partially obscured the difference between physical and virtual sensor occurs, especially for a small throttle opening angle. Fig.10b shows the cross-sections of Fig.10a for fixed 
Fault of throttle position sensor
In the second case -characteristic changes of the throttle angle sensor -the fault was simulated by bypassing the output of the second throttle channel with the resistor of 5.57 k. This can correspond to the situation when the sensor is flooded or electrical installation wetted. A careful car driver feels it as a small power decrease of the engine. Fig. 11 shows the results of measurements of the intake manifold pressure and the mass air flow for the described failure compared with the virtual sensor indications at 50% of the throttle opening. Fig.11a and 11b show the difference between the results obtained in physical and virtual measurements as f 1 and f 2 functions, respectively equation (5) and (6) . In this case, in the range of medium loads and high rotational speeds (n > 4000 rpm), a significant increase of signal indications from the pressure sensor as compared with the model sensor is observed, as well as a decrease of the mass air flow sensor indications as compared with the model. fault-free; virtual sensor TPS fault; phisical sensor fault-free; virtual sensor TPS fault; phisical sensor 
Leakage of the intake manifold
The third case constitutes the air leakage of the intake manifold, which can cause such effects as: hissing noise, engine stumbling, rough or fast idling or stalling, poor gas mileage. Tests were performed at a small leakage, at which the on-board diagnostics system did not record any error. The mass air flow indicated the correct value, while the pressure sensor indicated underrated value as compared with the corresponding model, especially in the range of high loads. Fig. 12 shows the results of measurements for the GDI engine of the intake manifold pressure and the mass air flow for the described failure at 85% of the throttle opening. fault-free; virtual sensor manifold leakage; phisical sensor fault-free; virtual sensor manifold leakage; phisical sensor The manifold pressure signal values are, in this case, larger than in the fault-free state for all engine speeds, while the air mass values remain similar. The fuel injection control of the tested engine is based on indications of the MAF sensor. In this case the adaptive control system will try to adjust the fuel dose based on the lambda sensor indication.
For the PFI engine the pressure sensor fault is visible especially for a small throttle opening (Fig.13) The relation between the MAP and MAF sensors and rotational speed indications for faultfree (surface of virtual sensing obtained with f 3 function) and the manifold leakage shows the difference between physical and virtual sensors (Fig.14) . fault-free,virtual;n=2000 rpm manifold leakage,phisical;n=2000 rpm fault-free,virtual;n=4000 rpm manifold leakage,phisical;n=4000 rpm The relation between the MAP and MAF sensors and throttle position indications for faultfree (surface of virtual sensing obtained with f 4 function) and the manifold leakage shows no difference between physical and virtual sensors.
Residuals generation
During simulations of the model four residuals r 1 , r 2 , r 3 , r 4 described with equations (8 -11) were generated. Multiple residuals could be created, but in this simple example they do not provide any new information.
The residuals described in formulas (9 -12) were calculated and residual indicators described in formula (13) were summarised in Table 1 . The residuals can be in two states: 1 -means that the difference between the data and model output surpasses the value of the model uncertainty, 0 -means that the difference lies within the model error limits. Calculating of the method uncertainty is a very important problem and is the subject of a separate publication.
CONCLUSIONS
The proposition of faults diagnostics in the air intake manifold of the gasoline direct injection engine is presented in the hereby paper. The method is based on the generation of residual indicators on the grounds of differences in indications of the MAP and MAF sensors installed in the car and the virtual model-based sensors. The diagnostics is performed at the steady state of engine operations. Four maintenance states were investigated. Three tested faults were not detected by the OBD system, while a user could notice e.g. an engine power decrease. Both sensors, mass air flow and pressure, which are applied interchangeably in vehicles, are necessary to differentiate the state by the presented method.
However, only two sensors are commonly installed in cars. In Mitsubishi (GDI engine) the throttle angle and mass air flow are measured, while in the PFI engine the throttle angle and manifold pressure sensors are used. Based on measurements from two sensors, functions f 3 and f 4 cannot be determined. However, the TPS sensor error can be ruled out by comparing its indication with the second redundant TPS sensor.
The residuals generation should be repeated for several steady-state operation condition (different rotational speeds and loads), as errors are not always reflected in measurements. The defect can be detected if the corresponding residuum is greater than the uncertainty of the model.
Further research will concern the development of the hybrid model of the tested engine and formation of new virtual sensors and residuals based on transient states of engine operations.
